Background: While the optimal combination of whole-brain radiotherapy (WBRT), stereotactic radiosurgery (SRS) and surgical resection in the treatment of brain metastases, is controversial, the addition of SRS to surgical resction of solitary metastasis may enhance local control while potentially minimizing toxicity associated with adjuvant WBRT. This study seeks to determine whether pre-operative SRS to the lesion versus post-operative SRS to the resection bed may reduce irradiation of adjacent normal brain tissue. Methods: A retrospective study of 12 patients with 13 surgically resected cerebral metastases was performed. The pre-operative contrast-enhancing tumors and post-operative resection cavities plus any enhancing residual disease were contoured to yield the gross target volume (GTV). In turn these GTV's were uniformly expanded by 3-mm to generate the pre-operative, as well as post-operative planning target volume (PTV.) For each lesion, a 7-staticconformal-beam, non-coplanar plan utilizing 6 MV photons was generated to encompass the PTV within the 85% isodose line. Excess normal brain volume irradiated was defined as the volume outside the GTV receiving the prescribed dose. Results: When lesions were divided into two groups -Group A (pre-operative GTV's < 15 cc, n = 9) and Group B (pre-operative GTV's > 15 cc, n = 4) -the average volume of normal brain irradiated was significantly smaller if preoperative SRS was used for treatment of lesions in Group A (9.5 vs. 16.8 cc, paired t-test, p = 0.0045). In contrast, this volume was smaller for Group B lesions if post-operative SRS was used for treatment of these lesions (27.6 vs. 51.2 cc, p = 0.252). A comparison of groups with respect to mean volume differences between pre-and post-operative SRS was significantly different (two-sample t-test p = 0.016). GTV and the difference between pre-and postoperative volume were highly correlated (Pearson correlation = −0.875, p < 0.0001). Conclusions: Pre-operative treatment of smaller metastases may result in reduced radiation dose to normal tissue and, thus, reduced treatment-related morbidity compared to post-operative irradiation of the resection cavity.
Background
In 1990, Patchell et al. demonstrated that treatment outcomes of cerebral metastases were better when surgical resection was combined with WBRT [1] . Recurrence at the original site was reduced in these patients when compared with the group receiving only WBRT. Furthermore, the patients who underwent resection plus radiation survived longer with a better quality of life. However, postoperative SRS is used at many institutions in lieu of WBRT for treatment of cerebral metastases. This focal radiation technique offers potential advantages over WBRT, which may be associated with acute and delayed adverse effects from irradiation of normal brain parenchyma and which has not been shown to increase overall survival.
Admittedly, the rationale for WBRT versus radiosurgery is controversial [2] . However, WBRT has been associated with an acute detriment in quality-of-life measures [3] , potential delayed neurocognitive deficits [4, 5] , and lack of overall survival benefit [6] [7] [8] [9] [10] . However, the treatment volume of the resection cavity post-operatively when SRS treatments are used may be an overestimation of the true lesion volume requiring treatment. This conjecture is based on the often irregular shape observed for the post-operative resection cavity. In turn, this tortuosity and high aspect ratio will result in poorer conformality of the treatment plan compared and, possibly, irradiation of a greater volume of normal adjacent parenchyma than in the case of treatment of the typically "rounder and smoother" pre-operative target. Thus, there may be a significant advantage to preoperative SRS treatment instead of post-operative treatment. In addition, major benefits of pre-operative SRS may be the reduction of tumor "spill" and subsequent dissemination, as well as irradiation of a better oxygenated and, thus, more radiosensitive target.
The purpose of this study is to determine if pre-operative SRS results in less irradiation of adjacent normal brain tissue and other critical structures than post-operative SRS. Furthermore, if pre-operative SRS is advantageous to postoperative SRS, we aimed to determine which lesions should be treated with pre-operative SRS versus post-operative SRS. In addition though, pre-operative SRS, if deemed beneficial, may minimize the delay between surgery and the start of adjuvant therapy. Moreover, retrospective [8, 11, 12] and prospective trials report no apparent survival benefit in patients with brain metastases when WBRT was added to SRS as opposed to SRS alone.
To the best of our knowledge, this retrospective analysis is the first published report looking at matched-pair dose distribution between pre-operative versus postoperative SRS treatments.
Methods
A retrospective review of patients with surgically resected single cerebral metastases was performed.
Selection criteria included patients with diagnoses of primary malignancy and finding of solitary brain metastasis, with exception of one case, where two lesions were contiguous and able to be removed in one sitting in one single approach. Criteria were not limited to any particular type of malignancy. Both male and female adult patients with diagnosis of primary malignancy were included as long as they had a resectable solitary metastasis, were medically cleared preoperatively, and were deemed to be surgical candidates.
Lesions located in anatomic regions that are not amenable to SRS, including the brain stem, optic apparatus, were excluded from this study. Small tumors were arbitrarily characterized as 15 cc or less, which is a volume generally small enough not to cause mass effect. All patients had a gross total resection as evidenced by a post-operative MRI scan of the brain with and without contrast followed by subsequent radiosurgery to the resection cavity. Utilizing the pre-operative MR images, the dose distribution was also calculated, as if these same patients had been treated with pre-operative SRS to the unresected lesion. Thus, the volume of normal brain parenchyma was directly compared for each patient based on hypothetical radiosurgery of the preoperative lesion versus post-operative resection bed.
All patients underwent standard-of-care pre-operative MRI of the brain with gadolinium-diethylenetriaminepentaacetate using T1-weighted 3-mm (mm) thick contiguous axial-cuts as well as MRIs within 48 h of surgery. Images were imported into an Eclipse treatment planning system (Varian Medical Systems, Palo Alto, CA.) Enhancing pre-resection tumors and post-operative resection cavities plus any enhancing residual disease were contoured on a slice-by-slice basis to yield the gross target volumes (GTV, Fig. 1 ). These GTV's were uniformly expanded by 3-mm to generate the pre-operative and post-operative PTV's. For each lesion, a 7-static-beam, non-coplanar plan utilizing six MV photons was created to encompass the PTV within the 85% isodose line. Excess brain volume irradiated was calculated by measuring the volume of brain encompassed by the 85% isodose line and subtracting the GTV.
Lesions were classified according to their pre-operative GTV: Group A (pre-operative GTV's < 15 cc, n = 9) and Group B (pre-operative GTVs ≥15 cc, n = 4). Within each group, a paired t-test compared the average volume of normal brain that would be irradiated if the treatment plan included pre-operative versus post-operative SRS. A two-sample t-test compared groups with respect to mean volume differences between pre-and postoperative SRS. Pearson and Spearman correlation coefficients were generated for the relationship between GTV and the volume of normal brain irradiated with pre-versus post-operative SRS.
Results
We retrospectively analyzed 12 patients who presented with 13 solitary brain metastases which were resected successfully with gross total resection. In Table 1 , patient characteristics (i.e., longest tumor axis (cm), anatomic location, histopathology, and GTV of the tumors) are presented. Table 2 shows radiosurgical planning data for extrapolation of excess brain tissue irradiated during SRS treatments for both pre-and post-surgery. Finally, Table 3 shows the patients divided into two groups based on tumor volume. Group A patients had a metastasis that was <15 cc in volume and these tumors were considered "small," while Group B patients had a tumor >15 cc in volume and these tumors were considered "large". The dosimetry was then calculated based on pre-and post-operative radiosurgery plans with associated volume of normal adjacent brain irradiated for each (i.e., pre-versus post-operative SRS).
Lesions with average pre-operative GTV of 14.0 cc (range 0.06-67.9 cc), average pre-operative GTV plus 3-mm margin volume of 27.1 cc (range 0.79 -117 cc), and pre-operative volumes encompassed by 85% isodose line of 39.9 cc (range 1.09-166 cc) were evaluated. For the overall group, there was no significant difference observed in calculated mean volume of normal brain irradiated in the pre-operative and post-operative treatment plans -22.4 cc (range 0.97-93.5 cc) versus 20.1 cc (range 7.07-62.11 cc), respectively.
However, when lesions were divided into the two above mentioned groups: Group A (pre-operative GTV's < 15 cc, n = 9) and Group B (pre-operative GTVs ≥15 cc, n = 4), we found that the average volume of normal brain irradiated was significantly smaller if preoperative SRS was used for treatment of lesions in Group A (9.5 vs. 16.8 cc, paired t-test, p = 0.0045) (Fig.  2) . In contrast, this volume was smaller for Group B lesions if post-operative SRS was used for treatment of these lesions (27.6 vs. 51.2 cc, p = 0.252).
The mean differences between the pre-and post-operative volume difference were computed within Groups A and B.
A two-sample t-test showed a statistically significant group effect (p = 0.016). The correlation between GTV and volume of normal brain irradiated with pre-operative versus postoperative SRS was further assessed.
The parametric and non-parametric correlation estimates were statistically significant [Pearson correlation = −0.875 
Discussion
Brain metastases occur in 20-40% of all patients with cancer [13, 14] ; 30-40% present with a single metastasis [15] . Metastases to the brain account for the most common intracranial tumor in adults. Moreover, the incidence of brain metastases continues to rise as a result of advances in cancer diagnosis and management. It is estimated that 170,000 new cases of metastatic brain tumor are diagnosed in the United States each year. In addition, the use of MRI allows us to detect other small metastases, which would not have been visualized in the past. However, the prognosis of patients with metastases to the brain remains poor [16, 17] . Proper pre-treatment evaluation is important in determining the optimum treatment strategy for patients with brain metastases, which includes assessing the extent and control of systemic disease and thus identifying the appropriate staging of the disease. This evaluation is very important since patient prognosis is most based on the extent of systemic disease. At our institution, we obtain computed tomography (CT) or PET/CT scans of the chest, abdomen, and pelvis, as well as radionuclide bone scans if necessary. The extent of intracranial disease is assessed by enhanced MRI.
The presence of advanced or progressing systemic disease is a poor prognostic factor of patient survival. In such patients, whose survival may be 2 months or less, the addition of surgical resection or radiosurgery in addition to WBRT has little impact on final patient outcome. However, if the patient has stable systemic disease and brain metastases are well controlled, the survival is significantly improved. The prognosis of patients with a single brain metastasis appears to be much better than those with multiple metastases [18, 19] . Therefore, treatment of such patients is often more aggressive and includes focal therapy, such as surgical resection or SRS in combination with WBRT. In addition, combining modalities is conceptually appealing if subpopulations of tumor cells are differentially sensitive to the different modalities.
Furthermore, SRS may avoid the acute and delayed effects of WBRT, including neurocognitive decline. In addition, SRS requires a much shorter elapsed time for treatment, and reduces the volume of normal brain parenchyma irradiated [20] . SRS is often offered to patients with a good performance status and ≤3 metastases of ≤4 cm in maximum dimension [21, 22] . Historically, our practice has been to offer surgery for solitary brain metastases when the tumor is surgically accessible, followed by either WBRT or SRS alone, depending on the size and number of the lesions, the patient's performance status, the need for chemotherapy and the completeness of the resection When SRS is selected as the treatment modality, the neurosurgeon, radiation oncologist, and radiation physicist work together to perform target delineation, dose selection, and radiosurgical planning.
As discussed in the paper by Soltys et al. [6] , SRS alone to the resection cavity could be justified as they yield a local control rate similar to that of post-operative WBRT. It has been shown by Patchell et al. in 1998 that when a gross totally resected isolated metastasis was treated with post-operative WBRT versus no additional therapy, the WBRT decreased the rate of local failure at the original tumor site from 46 to 10% [10] . Furthermore, SRS appears to be as efficacious as WBRT to the resection cavity thus there is a role for SRS postoperatively when compared to WBRT post-operatively. In the 2008 study by Soltys et al. at Stanford University Medical Center, the local failure rate was 14% when using SRS to the resection cavity as opposed to 46% with surgery alone and 10 10 to 20% [1] in patients with surgical resection followed by WBRT. In the Patchell study, the surgery alone group had a distant failure in the brain of approximately 40%. It is not clear if this rate would be any different in surgically treated patients who underwent SRS treatment. However, these patients would be eligible for salvage therapies such as SRS, surgical resection and/or WBRT. Pre-operative treatment with SRS may reduce this number due to the "lack of spillage" of tumor cells. Whole brain radiotherapy has been the "traditional" mainstay of therapy for intracranial metastases. WBRT has been shown to improve both neurological function and survival. Early non-randomized studies report that WBRT improves survival by 3-6 months [16, 23, 24] . The radiographic and clinical response rate from WBRT for intracerebral metastases varies from 64 to 85%, however any clinical benefit is almost always transient. Despite WBRT, up to 50% of these patients eventually die from progression of their intracerebral disease [24, 25] . The Cochrane Review of evidence based medicine has recently reviewed nine published trials have examined various scheduled of WBRT for multiple intracranial metastases [26] . The most common instituted treatment regimen is a total of 30 cGy delivered in ten fractions.
Comparing various outcomes including survival and neurological symptoms control, no significant differences were noted with any of the various fractionation schemes. Two randomized trials have shown that surgical resection combined with WBRT is superior to WBRT treatment alone [1, 27] though a third published in the Journal of the American Medical Association by Mintz et al. failed to show an advantage. Post-operative radiotherapy is felt to kill tumor cells remaining in the operative bed as well as micrometastases in other areas of the brain. However, the routine use of post-operative WBRT may not be necessary considering a single metastasis may totally be resected, and, since these lesions do not infiltrate the adjacent parenchyma like primary CNS tumors, close follow-up and effective salvage therapy may produce equivalent overall survival rates. Thus, the appropriate administration of SRS to the lesion or resection bed may offer equivalent overall survival with reduced morbidity compared to adjuvant WBRT.
A single-fraction SRS boost is currently a viable treatment option of intracranial metastatic lesions. Several large randomized trials by the RTOG have examined the role of SRS in the management of single and multiple intracranial metastatic tumors. Additionally, SRS is well tolerated with few potential complications. Risks of SRS are minimal but primarily include complications associated radiation-related cerebral edema and radionecrosis.
In a large multi-institutional review of SRS alone vs. WBRT in the initial management of intracranial metastatic disease, Sneed et al., reported on 569 patients, 268 with SRS alone and 301 with SRS and WBRT. In this study, the use of upfront WBRT did not affect overall survival in patients treated with SRS in any of the three recursive partitioning analysis (RPA) classes (15.2 vs. 14.0 months for RPA class 1, 7.0 vs. 8.2 for class 2, and 5.5 vs. 5.3 for class 3) [28] . In the recent study by Aoyama et al. [9] , compared with SRS alone, the use of combined WBRT and SRS did not improve survival in patients with 1 to 4 brain metastases; however, recurrence occurred more commonly in patients who received SRS alone as opposed to both SRS and WBRT. Most recently, RTOG-9508 was a randomized trial which compared WBRT with or without SRS boost in patients with 1-3 brain metastases. In this trial, 331 patients were randomized to receive either WBRT alone (2.5 Gy fractions to a total of 37.5 Gy over 3 weeks) or WBRT plus a SRS boost to the tumor site (size-dependent dose, 24 Gy up to 2 cm, 18 Gy for 2-3 cm, and 15 Gy to 3-4 cm lesions). Ten percent of these patients had a breast primary. In this study, although the addition of SRS led to a significant improvement in local control rate, there was no survival benefit noted in patients with multiple intracranial metastases, however, in patients with a single intracranial metastasis, there was a modest, although significant survival benefit of WBRT plus SRS (4.9 months vs. 6.5 months, p = 0.03). Additionally, in this study, with respect to improvement in clinical function, KPS was improved at 6 months in 13% of patients treated with WBRT plus SRS boost versus only 4% in patients treated with WBRT alone [29] .
In patients with solitary brain metastases, WBRT potentially produces significant side-effects, especially in terms of neurocognition, without apparent improvement in overall survival. Conversely, WBRT reduces the rate of appearance of distant brain metastases which may reduce neurocognitive benefits [2] . However, given early detection of brain metastases, effective intracranial salvage therapy and improved systemic control of malignant disease, one could argue that it would be advantageous to locally treat disease with SRS and surgery alone. Patients who had solitary brain metastases underwent gross total resection for histological confirmation or mass effect without WBRT treatment but instead with post-operative SRS. However, as explained above, the treatment volume of the resection cavity post-operatively may be an overestimation of the true lesion volume requiring treatment. Since the resection cavity volume results in irradiation of a greater volume of normal adjacent parenchyma than is necessary. Thus, there may be a significant advantage to pre-operative SRS instead. Of note, the timing of the post-operative MRI may be significant. In our study, a post-operative MRI was performed immediately after surgery. The resection cavity may shrink over several weeks and thus, the timing of radiosurgery may alter study conclusions.
A lesion's size, but not shape, may allows us to predict whether pre-operative versus post-operative SRS treatment is beneficial to a patient with solitary brain metastases. The ability to predict the GTV of a lesion preoperatively versus post-operatively allows us to determine when SRS treatments should be administered (i.e., before surgical resection or afterwards). Unfortunately, there is no easy way to make such a prediction; however, it appears that the only reliable way to determine whether or not a lesion's pre-operative GTV would be less than its post-operative GTV would be if its preoperative GTV is <15 cc. We found that when the preoperative GTV was smaller than the post-operative GTV (i.e., pre-operative GTV < 15 cc), pre-operative SRS may result in reduced radiation dose to normal tissue, potentially reducing treatment-related morbidity compared to post-operative irradiation of the resection cavity. However, further data are needed to determine if postoperative irradiation may be dosimetrically favored for larger lesions.
Conclusions
Pre-operative treatment of smaller metastases may result in reduced radiation dose to normal tissue and, thus, reduced treatment-related morbidity compared to postoperative irradiation of the resection cavity of intracranial metastasis.
